Twenty inter-simple sequence repeat (ISSR) and twenty two start codon targeted (SCoT) primers were employed to analyze genetic diversity and population structure among 52 Trichosanthes dioica Roxb. accessions collected from nine different eco-geographical regions of India. ISSR markers proved to be more informative in genetic diversity assessment and produced higher mean number of polymorphic bands (15.25 with 95.96% polymorphism) and polymorphic information content (PIC) value (0.47) compared to SCoT markers (12.55 polymorphic bands with 92.20% polymorphism and PIC: 0.45). Total genetic diversity (Ht) and genetic diversity within populations (Hs) in T. dioica accessions was found to be very high (0.45 and 0.43, respectively). AMOVA analysis also revealed higher genetic variation within populations (81%) than among them (19%). Among different T. dioica populations, very low genetic differentiation (Gst: 0.05) and high gene flow (Nm: 9.32) were observed. T. dioica populations of Bihar state were found to be highly diverse and Kolkata and Cuttack populations were least diverse. T. dioica male plants were more Genetic diversity was found to be strongly positively correlated with the latitude and strongly negatively correlated with annual mean rainfall of different T. dioica cultivated regions. For sex identification, one SRAP primer combination, 'Em-6/Me-4' amplified two molecular markers of around 230 and 290 bp specific to male T. dioica plants of Bihar, Kanpur, North Delhi and Meerut populations and were completely absent from female plants.
Introduction
Trichosanthes dioica Roxb. (Pointed gourd), a member of family Cucurbitaceae is a perennial, dioecious climber herb, native to Assam-Bengal regions of India [1] . This plant is extensively cultivated for its nutritious fruits in tropical and subtropical regions of the world and in India, it is propagated all over the warmer regions particularly in Uttar Pradesh, Bihar, West Bengal and Assam [2, 3, 4] . Its fruits are used as vegetable and are rich source of proteins, vitamin A and minerals [5] , easily digestible, diuretic in nature, having anti-ulcerous and anti-diabetic effects [6] . In T. dioica, cultivation through seeds is uneconomical for farmers due to poor germination, undesirable male-female sex ratio and inability to identify sex prior flowering, which takes around 7e8 months [7] . Seeds raised populations produce more male plants than females [6] . To overcome these seeds related issues, this crop is mainly propagated through vine cuttings and root suckers in the desire of obtaining more fruits in short time. However, vegetative propagation may result in loss of genetic diversity due to less occurrence of evolution and adaptation, which arise frequently in sexual reproduction. Sex identification at early seedling stages will encourage farmers to propagate T. dioica plants employing seeds, which have positive effects on genetic diversity and will save undesirable waste of time, space, resources and nursery costs of farmers.
Genetic diversity is a basic component of biodiversity [8] and its conservation is essential for long term survival of any species in changing environments. Among different populations, genetic diversity is non randomly distributed and is affected by various factors such as geographic variations, breeding systems, dispersal mechanisms, life span, etc. [9] . Change in environmental conditions often leads to variation in genetic diversity levels among different populations [10] and populations with low variability are generally considered less adapted under adverse circumstances. Therefore, genetic diversity assessment in geographically isolated populations is very valuable for identification of low diverse populations and maintaining high genetic diversity in such populations through introduction of highly variable cultivars, breeding programs, etc. Studies pertaining to genetic structure of different populations are useful for understanding historical events, population dynamics, etc. In dioecious plants, male and female reproductive organs occur on separate plants and levels of genetic variations between sexes are different [11, 12] , caused by several factors such as distribution patterns of individuals across the populations [13] , sex ratio [12] , stochastic events [14] , etc. Differences in genetic diversity levels between plant sexes can be used for making breeding programs to obtain better hybrid varieties with maximum genetic polymorphism.
Molecular markers play a significant role in protection of biodiversity, identification of promising cultivars, quantitative trait loci (QTL) mapping, etc. [15] . Different PCR based dominant markers such as ISSR, SCoT, SRAP, etc. have been effectively used for quantification of genetic diversity [16, 17, 18, 19] and sex identification in different plants [20, 21] . In the present study, ISSR and SCoT markers were employed to analyze genetic diversity and phylogenetic relationships in 52 T. dioica accessions belonging to nine different populations of India and for sex identification, SRAP markers were used.
Materials and methods

Plant material
For genetic diversity study, fresh leafy twigs of 52 physiologically matured T. dioica accessions belonging to nine different populations with different eco-geographic characteristics were sampled and stored in -20 till further use. More information about geographical distribution of accessions are in Table 1 and Fig. S1 . All the fifty two accessions are being maintained at Delhi University herbarium, India. For sex linked diversity analysis, three male and three female plants were procured separately from populations of Bihar, Kanpur, North Delhi and Meerut. Genetic diversity was measured by different parameters such as effective number of alleles (Ne), Nei's gene diversity (H), Shannon's information index (I), total genetic diversity (Ht), genetic diversity within populations (Hs), genetic differentiation (Gst) and gene flow (Nm) which were calculated using POPGENE (version 1.31) program [24] . This software was also used to construct distance/similarity matrix and Nei's genetic distance based Unweighted pair group method with arithmetic average (UP-GMA) tree. UPGMA and neighbor-joining (NJ) trees comprising of fifty two T. dioica accessions were also generated by combined data of ISSR and SCoT markers employing Free Tree software [25] based on Jaccard's coefficient of similarity.
Both the trees were visualized using Tree View software [26] . For analyzing population genetic structure of T. dioica accessions in India employing combined data of ISSR and SCoT markers, STRUCTURE software version 2.3.4, based on Bayesian model-based clustering [27] was used. Following parameter setting was done; Markov Chain Monte Carlo replication (MCMC Reps): 10,000; length of burnin period:
10,000; models: admixture model and correlated allele frequency. A total of 20 independent runs were performed for each value of K (from 1 to 7) [28] . Structure Harvester v6.0 program developed by Earl Dent and vonHoldt Bridgett [29] was employed to determine the best value of K for the data. Based on the best K value obtained, the number of subpopulations was determined. Analysis of molecular variance (AMOVA) was conducted on within and among populations, employing GenAlEx 6.5 software based on 999 permutations [30] .
The correlations of genetic diversity parameters (Ne, H and I) with geographical coordinates (latitude, longitude and altitude) and different climatic factors (mean minimum temperature, mean maximum temperature and annual rainfall) were evaluated using SPSS version 21.0 software. The same software was used to analyze significant differences using Duncan's multiple range tests (P < 0.05) between the mean values of male and female genetic diversity parameters (Ne, H and I) and the means of ISSR and SCoT generated Ht, Hs, Gst and Nm values. All data in the present study is represented as mean AE standard deviation of the mean (SD).
For identification of sex linked molecular markers
Bulked segregant analysis-SRAP analysis
Initially, two bulk DNA samples (male and female separately) were prepared by pooling an equal concentration of DNA from individual plants of Bihar, Kanpur, North Delhi and Meerut regions. A total of 50 combinations of forward and reverse primers were used for BSA-SRAP analysis [31] . PCR was performed under following conditions: initial DNA denaturation (95 C for 4 min), followed by 5 cycles of denaturation (94 C for 1 min), annealing (36 C for 1 min) and extension (72 C for 2 min). For next 30 cycles, annealing temperature was increased to 50 C with final extension of 72 C for 7 min. Two percent agarose gels were used to resolve the PCR amplified products. A DNA marker present in either male or female bulk sample was considered to be a putative sex-linked marker. Table 2 ).
Nine SCoT primers produced a total of 123 bands, out of which 113 bands were found to be polymorphic (92.20% polymorphism) ( 
Population genetic diversity analysis
Mean total genetic diversity (Ht) and genetic diversity within populations (Hs) in T. dioica accessions collected from nine different eco-geographical regions of India was found to be very high (0.45 and 0.43 respectively). Among different T. dioica populations, very low genetic differentiation (Gst: 0.05) and high gene flow (Nm: 9.32) was observed (Fig. 1A) . Ht, Hs, Gst and Nm values produced by ISSR markers were 0.44, 0.41, 0.06 and 7.65 respectively and by SCoT markers were 0.47, 0.45, 0.04, 11 respectively (Fig. 1A) . Analysis of molecular variance (AMOVA) analysis revealed that 81% of the genetic variation occurred within populations and 19% of the genetic variation among populations (P: 0.001) ( Table 4 ).
Both ISSR and SCoT markers revealed T. dioica populations of Bihar state (Samastipur, Saran, Muzaffarpur and Gopalganj) were found to be highly diverse, while populations of Kolkata and Cuttack to be least diverse (Fig. 1B) . I: 0.51) (Fig. 1C) . Genetic diversity analysis between male and female T. dioica plants was also conducted and males were found to be more significantly genetically diverse (Ne: 1.84, H: 0.44, I: 0.64) compared to females (Ne: 1.75, H: 0.41, I: 0.59) (P < 0.05) (Fig. 1D ).
Cluster and population genetic structure analysis
Genetic relationship among 52 T. dioica accessions was revealed by UPGMA and
Neighbor-Joining trees. Both the trees divided the T. dioica accessions into three main clusters (Figs. 2 and 3 ). First cluster comprised of Meerut population, second cluster included Cuttack and Kolkata populations and populations of Bihar, Delhi and Kanpur occurred in third cluster (Figs. 2 and 3) . T. dioica populations of Kolkata and Samastipur regions were least genetically identical (0.8766) with maximum genetic distance (0.1318) (Fig. 2B, Fig. S4 ). STRUCTURE software was employed to analyze genetic structure of different populations and it was run for K ¼ 7 based on banding patterns generated by both of the markers. Based on highest DK value generated by STRUCTURE HARVESTER software, the number of optimum clusters was found to be three (Figs. 4A, B, Fig. S5 ). Cluster one comprised mainly the accessions of Delhi, Kanpur, cluster two consisted accessions of Samastipur, Saran, Muzaffarpur and Gopalganj and cluster three contained accessions of Meerut, Kolkata and Cuttack (Figs. 4CeD) .
Correlation between the genetic diversity parameters and environmental factors of different T. dioica populations
Effective number of alleles (Ne), Nei's gene diversity (H) and Shannon's information index (I) were found to be significantly and strongly positively correlated with the latitude (r: 0.67, 0.69 and 0.70 respectively), and strongly negatively correlated with the mean annual rainfall (r: -0.68, -0.69 and -0.69 respectively) of different T. dioica cultivated regions. Moderate negative correlation was observed between different genetic diversity parameters (Ne, H and I) with mean minimum temperature (r: -0.55, -0.55 and -0.57 respectively) of different T. dioica populations, however, the correlation was not significant (P > 0.05) ( Table 5 ). 
For identification of sex linked molecular markers
BSA-SRAP marker analysis
Out of total 50 SRAP primer combinations tried, one primer combination 'Em-6/ Me-4' amplified two male specific bands of w230 and w290 bp in the pooled DNA samples (Fig. 5 ).
Validation of the putative sex linked SRAP markers on larger populations
Primer combination 'Em-6/Me-4' yielded consistent bands of w230 and w290 bp (sex linked markers) in all the male plants of Kanpur, Meerut, Baghpat and Bihar (Samastipur, Saran, Muzaffarpur and Gopalganj) regions, while were entirely absent from the female plants (Fig. 5) . 
Discussion
ISSR and SCoT marker analysis
In Trichosanthes dioica, genetic diversity and sex identification studies are very valuable as farmers prefer vegetative method for its propagation in the desire of obtaining more fruits and inability of sex identification in seeds raised plants prior flowering. However, vegetative propagation may result in erosion of genetic diversity, which is the key of sustainable high yields. Thus, the present study was conducted to analyze the genetic diversity among fifty two T. dioica accessions belonging to nine different eco-geographical regions of India employing ISSR and SCoT markers.
ISSR markers proved to be more efficient in genetic diversity assessment and produced more number of polymorphic bands (122) 
Population genetic diversity analysis
Total genetic diversity (Ht) and genetic diversity within populations (Hs) was found to be very high (0.45 and 0.43 respectively) in T. dioica accessions collected from nine different eco-geographical regions of India. AMOVA analysis also revealed higher genetic variation within populations (81%) than among populations (19%). Different factors such as mating system, gene flow, population size, selection, etc.
influence genetic diversity levels within populations. High genetic diversity in T.
dioica accessions could be explained on the basis of its out-crossing mode of reproduction with cross pollination, perennial nature, nativity, etc. Mating system of any plant species have significant impact on genetic diversity levels [37] . Out-crossing plant species keep together new genes combinations rapidly and commonly have high genetic diversity. Long lived perennial plant species are considered to be more genetically diverse than short lived perennials [38] . Though T. dioica can reproduce sexually through seeds, this plant is mainly cultivated through vine cuttings and root suckers by farmers due to poor seed germination and inability to determine sex of the seeds raised plants prior flowering. However, asexual reproduction results in keeping together old genes combination, may result in low genetic diversity. In T. dioica, irrespective of vegetative propagation by farmers, very high genetic diversity can be explained on the basis of very high gene flow (Nm: 9.32) among different T. dioica populations, which could be due to entomophilous or anthropogenic seed or pollen dispersal to distant populations. In dioecious plants, high gene flow and low levels of genetic differentiation among populations are generally observed due to obligate outcrossing [39] . In this study also, very low genetic differentiation (Gst: 0.05) among 9 T. dioica populations was observed. Similar to our results, high levels of genetic diversity in different dioecious plants has also been observed in other studies. In Antennaria dioica, the high levels of genetic diversity (H e : 0. Origin of any plant species is also an important factor in retaining high genetic diversity levels, as introduced populations have higher risks of founder effects resulting in low genetic diversity. T. dioica is native to Indian sub-continent and this could be the probable reason for having high genetic diversity in different populations of this plant in India. Similar to our results, Shirk et al [46] observed high genetic diversity Geranium carolinianum (annual herb) in its native place of North America compared to its introduced populations in China due to founder effects. Higher genetic diversity in thirty eight native populations of Capsicum annuum L. var. annuum belonging to seven states of Mexico, was revealed by twenty four microsatellite loci [47] .
Different populations have the different genetic diversity levels and identification of populations with low genetic diversity is very important for making management strategies. Bengal-Assam regions are the primary centre of origin of T. dioica [48] . and from there, this plant dispersed to other regions of India such as Bihar, West-Bengal, Eastern parts of Uttar Pradesh, Assam, Odisha, Madhya Pradesh, etc. Genetic structure of introduced populations could differ from native population due to genetic drift, local adaptation and founder effect processes. During current study, T. dioica populations of Bihar state was found to be highly polymorphic and population of Kolkata (West Bengal) was found to be least variable. Differences in genetic diversity levels among different populations could be attributed to different cultivation patterns (different cultivars and mode of cultivation), change in environmental conditions, etc. High genetic diversity levels in introduced populations than native populations due to high propagule pressure has also been observed by Genton et al [49] and Kolbe et al [50] . Similar to molecular diversity, morphological variations among different T. dioica accessions belonging to nine different populations were found to be very high. Similar to our results, Bharathi [51] found high phenotypic variations among 22 different T. dioica landraces. T. dioica populations of Bihar state were of more desired traits (early flowering, fruits length and weight) in comparison to other populations. The reason could be attributed to its cultivation style of training on trellis system for aerial support, which results in luxuriant plant growth and earlier flowering [5] .
In dioecious plants, genetic diversity assessment in female and male plants is very important for understanding of evolutionary processes of a species and making successful breeding programs. During present study, male plants were found to be more genetically polymorphic in comparison to females. Differences in genetic diversity levels between sexes could be due to various factors such as sex ratio, individuals distribution patterns, stochastic events, etc. Reproductive systems and history of species have direct influence on the levels and distribution of genetic variation, genetic divergence, and genetic structure [52, 53, 54, 55, 56, 57] 
Correlation between the genetic diversity parameters and environmental factors of different T. dioica populations
Change in environmental conditions, such as difference in temperature, rainfall, etc.
is also expected to alter genetic diversity levels among different populations [10, 70] . During present study, Genetic diversity was found to strongly positively correlated with the latitude and strongly negatively correlated with mean annual rainfall of different T. dioica cultivated regions and a moderate negative correlation was observed between 'H' and mean maximum and mean minimum temperature. A weak negative correlation was observed between 'H' and longitude and weak positive correlation was found between 'H' and elevation. Similar to our results, several studies have revealed correlation of environmental factors with genetic diversity. Hu et al [71] observed a positive correlation of genetic diversity of Rheum tanguticum with annual mean precipitation and altitude and negative correlation with annual mean temperature and latitude. Schoettle et al [72] observed positive correlation between genetic diversity of Pinus aristata and longitude and elevation of different populations. Shen et al [73] observed no clear correlation of genetic variation with altitude in Populus szechuanica. Genetic diversity of Caragana microphylla was found to be positively correlated with mean annual rainfall and negatively associated with annual mean temperature [9] .
For identification of sex linked molecular markers
In T. dioica, mostly female plants are preferred as the plant is cultivated mainly for its fruits. However, sex identification in seeds raised plants is not possible prior flowering which takes around 7e8 months. A molecular method to identify sex of the plant at early seedling stages will encourage farmers to propagate T. dioica through seeds. During current investigation, one SRAP primer combination, 'Em-6/Me-4'
produced two male specific bands of w230 and w290 bp in pooled and individual samples of Bihar, Kanpur, North Delhi, Meerut and Baghpat regions. These sex linked molecular markers were completely absent from female samples. These sex linked SRAP markers could be very useful in distinguishing male plants from the females at early seedling stages in this economically important crop and thus will save time, money and resources of the farmers. Prior to our study, SRAP markers have been used for sex identification only in few plants. Female sex specific SRAP markers have been identified in Buchloe dactyloides [20] , Idesia polycarpa [21] , Ficus pumila [74] and Litsea cubeba [75] .
Conclusions
Our results revealed a high level of genetic diversity and gene flow in T. dioica accessions belonging to nine different populations with different eco-geographical characteristics. Both ISSR and SCoT markers proved to be efficient in assessing genetic variations in different populations. T. dioica populations of Bihar state (Samastipur, Saran, Muzaffarpur and Gopalganj) were found to be highly polymorphic and population of Kolkata was least diverse and needs to be conserved. Genetic diversity was found to be correlated with different environmental factors. Male plants displayed higher genetic diversity levels than female plants. Cluster analysis divided T. dioica accessions into three main clusters based on differences in eco-geographical characteristics of different populations. For sex identification prior flowering, two male specific markers of w230 and w290 bp were identified, which were produced by SRAP primer combination, 'Em-6/Me-4'. These markers were positively validated on larger populations of Bihar, Kanpur, North Delhi, Meerut and Baghpat regions.
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